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MAGNETIC ELEMENTS WITH MAGNETIC FLUX CLOSURE, PRODUCTION METHOD AND MEMORY APPL 
ICATION 

Field of the invention 

The present invention relates to a magnetic element comprising a magnetic vortex 
configuration in remanence and to its method of production. The invention further 
relates to a memory cell comprising such magnetic elements, in particular to a 
magnetic random access memory (MRAM). 

Backoround of the invention 

The reason progress in the development of non-volatile memories, like magnetic 
random access memory (MRAM), has increased the interest in the micromagnetic 
state of small ferromagnetic structures, like ferromagnetic nanostructures. In a 
number of publications it was shown that a reduction of the lateral size of 
magnetic elements causes more complex magnetization configurations than in the 
case Of thin, continuous films. A key role in the magnetization reversal process 
play vortices which rule the switching of submicron particles (M. Schneider, H. 
Hoffmann, and J. Zweck, Appl. Phys. Lett. 77, 2909 (2000); K. J. Kirk, M. R. 
Scheinfein, J. N. Chapman, S. McVitie. M. F. Gillies, B. R. Ward, and J. G. 
Tennant, J. Phys. D 32, 160 (2001)). Previous studies have shown that thin, 
circular nanostructures can be in a vortex state in zero applied magnetic field (T. 
Shinjo, T. Okuno, R. Hassdorf, K. Shigeto, and T. Ono, Science 289, 930 (2000); 
J. Raabe, R. Pulwey, R. Sattier, T. Schweinbock, J. Zweck, and D. Weiss, J. Appl. 
Phys. 88, 4437 (2000)). Applying a magnetic field leads to a shift of the vortex 
core perpendicular to the field direction and to a distortion of the circular 
magnetization distribution. The sense of magnetization rotation is statistically 
distributed clockwise or counterclockwise, but can not be controlled on purpose in 
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the circular elements by the application of magnetic in-plane fields. 

So far, ring- or disk-shaped elements with vortex magnetization or elongated 
elements having aspect ratios of more than 1 and high remanent magnetization, 
are considered options for future non-volatile memory cells, in case of ring- or 
disk-shaped elements switching of the elements may occur by means of current 
flowing througti the elements whereas elongated elements may be switched by 
means of magnetic fields occurring from two crossed or paired conductor lines, 
i.e., the so-called word line and bit line, through which current flows. 

In the article "Vortex circulation control in mesoscopic ring magnets", Appl. Phys. 
Lett. 78, No.21 , page 3268, a method is suggested to control the direction of the 
circulation of the magnetization in mesoscopic ring magnets, using a uniform 
magnetic field only. The method is based on the nucleation-free switching, which 
occurs when the rings switch from the near-saturated state, referred to as the 
"onion state", to the flux-closed vortex state. Two possible onion states, forward or 
reverse magnetized, are possible for a given direction of the magnetic field. Going 
from the forward or the backward onion state, both local scanning Kerr 
microscopy measurements and micromagnetic simulations suggest that the 
clockwise or the counterclockwise vortex state, respectively, can be selected due 
to asymmetric pinning of the two domain walls that are present in the onion state. 
In the simulation, a notch is introduced to pin one of the walls more strongly than 
the other. 

In the article "Switching of vertical giant magnetoresistance devices by current 
through the device", Appl. Phys. Lett. 75, No. 16, page 2476. experiments are 
reported that suggest that current-perpendicular-to-the-plane giant magneto- 
resistance devices can be switched repeatedly between the high- and low- 
resistance states by passing current vertically through the structure. The 
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lithographically patterned devices are set to operate at room temperature and 
exhibit distinctly separate switching of the soft and hard layers. It is suggested that 
designs for magnetoelectronic random access memory can utilize this scheme for 
storing and reading information. 

A general overview on magnetoelectronics applications is given in "Journal of 
Magnetism and Magnetic Materials" 200 (1999), pages 57-68. 

US-A-5 969 978 discloses a memory architecture for a regular array of non- 
volatile ferromagnetic random access annular memory elements which can be 
based on the giant magnetoresistance effect, 

US-A-6 153 443 describes a method of fabricating a magnetic random access 
memory positioned on circuitry for control of the memory element, which is formed 
under a complementary metal oxide semiconductor (CMOS) process. 

WO 00/58970 describes a device including a magnetic material having a 
magnetization configuration that is circular In a plane, and a word line for 
producing a magnetic field In the plane, the magnetic field being radial with 

r 

respect to a point in the plane and within the circular magnetization configuration. 

US-A-6 104 633 relates to magnetic memory cells that Include a changeable 
magnetic region with a magnetic axis along which two directions of magnetization 
can be Imposed, thereby providing two respective states into which the cells are 
changeable according to electrical and resultant magnetic stimuli applied thereto. 
Asymmetry in the magnetic stimuli applied to the cell by writing a state therein is 
disclosed to provide a predictable magnetization pattern evolution from the first 
direction to the second direction. Physical asymmetry in the layout and/or 
magnetization of the cell is also suggested to provide the predictable pattern 
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evolution. These principles can be applied to magnetic random access memory 
arrays which employ magnetic tunnel junction cells at the intersections of bitlines 
and wordlines which supply the electrical and resultant magnetic stimuli to write 
the cells therein. 

Summary of the invention 

It is an object of the present invention to provide magnetic elements comprising a 
magnetization pattern having a magnetic flux closure, in particular magnetic single 
vortex elements, in which the sense of magnetization rotation can be influenced 
and controlled. 

It is a further object of the invention to provide a method of producing such 
magnetic elements and to provide memory cells comprising such magnetic 
elements in which the sense of magnetization rotation can be controlled. 

The present invention Is based on the finding that the sense of rotation of a 
magnetic vortex or vortex-like configuration can be controlled by introducing a 
slight asymmetry into the geometric shape of the elements and applying a 
magnetic field to said asymmetric elements. In the present application, the term 
"vortex" is meant to include any magnetization pattern having a magnetic flux 
closure, Including circular flux closures and Landau-Lifshiftz domain 
configurations, In small structures, in particular submicron structures. 

The magnetic element according to the present invention comprises at least one 
magnetic particle. Preferably the magnetic element comprises a generally circular 
structure having a slight geometric asymmetry. For example, the magnetic 
element is disk-shaped having one flattened side or edge such that a segment of 



wo 03/032336 



PCT/EP(»2/I1U>« 



5 

the circular disk is removed. The length of said edge or chord is preferably about 
•1/4 to 3/4, more preferably about 1/2 to 2/3 of the diameter of the disk. 

The disk may have a diameter of about 100-2000 nm, preferably 200-1000 nm, 
more preferably about 400-900 nm, most preferably about 600-800 nm. The 
thickness of the disk may be about 1-20 nm, preferably about 2-10 nm, about 5- 
9 nm and about 6-8 nm. 

The magnetic element of the present invention has substantially zero net 
remanent magnetization, and the magnetic vortex or vortex-like configuration is 
stable against magnetic fields that are smaller than the saturation field of the 
element. The magnetic vortex may be produced by magnetization in an in-plane 
magnetic field up to the saturation of the elements. The magnetic field used to 
produce the vortex may be a homogeneous in-plane field. 

The magnetic element of the present invention can be made of any type of 
ferromagnetic material, comprising Fe, Ni, Co and/or alloys thereof. 

The magnetic element of the present invention can be produced on electron 
transparent membranes, like SisN^ membranes, by a combination of electron 
beam lithography and liftoff technique. The flat edge of the circular disk can be 
produced, e.g., by irradiation using a linear pattern. 

Magnetic elements of the present invention can be used to provide a rnemory cell, 
in particular a non-volatile memory cell. In such a memory cell the two senses of 
magnetization rotation of the magnetic element according to the present invention 
may define one bit of information. 

A preferred memory cell of the present invention may comprise a stack of at least 
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two magnetic elements with different saturation fields. According to the invention 
multi-bit data storage ceils may be formed from such stacks. 

The magnetic element of the present invention can be used in various types of 
memory systems, including giant magnetoresistance systems, spin valve systems 
and/or magnetic tunnel junction systems. Preferably the memory elements of the 
present invention are used in a magnetic random access memory (MRAM). 

Whereas infinitely symmetrical elements, after saturation in a magnetic in-plane 
field, have a magnetic vortex in remanence whose rotational sense cannot be 
deliberately adjusted, the sense of the magnetization rotation of the particles of 
the present invention can be controlled and/or adjusted by means of a magnetic 
in-plane field. The rotational sense of the magnetic vortex in clockwise and 
counter-clockwise direction describes the binary states "0" and "1", respectively. In 
order to control the sense of magnetization rotation symmetric particles are 
provided with a slight asymmetry. For example, an infinitely symmetrical circular 
disk can be provided with a flat or straight edge. In the present invention it has 
been shown that, as a consequence of the geometric asymmetry, the sense of 
magnetization rotation in a state without magnetic field can be controlled by the 
direction of the previously applied magnetic in-plane saturation field. 

Using the geometrically asymmetric magnetic elements of the present invention 
having a controlled sense of rotation of the magnetic vortex provides several 
advantages. 

Due to the magnetic vortex the magnetic elements of the present invention have 
none or only small net magnetization, and thus none or negligible stray fields. 

Magnetic stray fields that can occur, e.g., when writing or addressing neighboring 
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bits in memory media with high density, and which are smaller than the saturation 
field strength of the magnetic particles, may deform the vortex but do not change 
its sense of rotation. Since the deformation disappears when the stray field is no 
longer present, the sense of rotation will be maintained and information will thus 
not be destroyed. 

The direction of the magnetic vortex can be changed by a homogeneous in-plane 
magnetic field whereas in known concepts, like disclosed in US-A-5 969 978, a 
circular magnetic field is required which is provided via a current supplied through 
the element or a current running in the center of a ring. The high current density 
used in prior art devices may lead to a permanent destruction of the element and 
thus loss of information, e.g. by destroying the tunnel barrier in a magnetic tunnel 
junction device. 

With the elements of the present invention both current-ln-plane (CIP) as well as 
current-perpendicular-to-plane (CPP) elements can be provided. 

By combining a plurality of such elements in a stack, devices may be produced 
whose information content is more than 1 bit. This provides a higher storage 
density. The layers of the stack can be switched separately by using elements 
which require different magnetic field strengths for switching. 

The saturation and/or switching fields can be adjusted, e.g., by selecting the 
dimensions of the particles or the use of appropriate materials. 

In the present specification the following definitions will be used, unless provided 
otherwise: 

"Magnetic particle": a three dimensional object comprising or consisting of at least 
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one magnetic material. 

"Magnetic element": a device containing at least one magnetic particle and being 
suitable for use in magnetic storage media or sensors. 

"Magnetic vortex": magnetization pattern of a magnetic particle or element having 
no or small net magnetic moment. 

"Remanent magnetization": magnetization of a magnetic object in a magnetic 
field-free state after switching off an applied magnetic field. 

"GMR" or "giant magneto resistance": multilayer system of electrically conductive 
layers which are alternatingly magnetic and non-magnetic. The magnetic layers 
are coupled by an interlayer exchange coupling. The electric resistance through a 
GMR system depends on the relative orientation of the directions of magnetization 
in the magnetic layers. 

"SV" or "spin valve": sandwich system consisting of at least two magnetic 
electrodes which are separated by a non-magnetic intermediate layer and which 
are not or only magnetostatlcally coupled. The electric resistance depends on the 
relative orientation of the directions of the magnetization in the magnetic layers. 

"MTJ" or "magnetic tunnel junction": sandwich system consisting of at least two 
magnetic electrodes which are separated by a thin non-magnetic isolating layer 
which provides a tunnel barrier. The electric resistance perpendicular to the 
sandwich system depends on the relative orientation of the direction of 
magnetization in the magnetic electrodes. 
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Preferred embodiments and best mode for carrying out the invention 

Preferred embodiments of tlie Invention will be now described in connection with 
the drawings. 

Figure 1 shows a circular disk having a flat edge providing geometric asymmetry. 
Figure 2 shows underfocused Lorentz microscopy images of asymmetric circular 
dots at remanence after the application of a magnetic field |H| = 200 Oe in -x (a) 
and in +x (b) direction. 

Figure 3 shows magnetization reversal of asymmetric circular dots with the in- 
plane field H applied parallel to the flat edge (x-direction) 

Figure 4 shows a comparison of two magnetic element nanostructures with 
different saturation fields. 

Figure 5 shows a model for the evolution of the vortex. 

Figure 6 shows the current flow for current-in-plane (CIP) and current- 
perpendicular-to-plane (CPP) geometry. 

Figure 7 shows a CPP memory cell with various orientations of magnetization. 
Figure 8 shows the addressing of a memory cell. 

Figure 9 shows schematically the magnetization in the magnetic elements of the 
invention. 

Figures 10A and 10B show the provision of a magnetic field for writing in a 
memory cell. 

Figure 11 shows a multilayer stack having a plurality of magnet/non-magnet 
transitions between layers. 

Magnetic elements of the present invention made of permalloy (Py, NieoFe2o) are 
fabricated on electron transparent Si3N4membranes by a combination of electron 
beam lithography, thermal evaporation of the Py and liftoff technique, in order to 
obtain information about the magnetization configuration. 
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The evaporated polycrystalline Py elements are, e.g., 8.3nm thick and have a 
lateral average grain size of, e.g., 7-10 nm. determined by bright field transmission 
electron microscopy. The micromagnetic structure of the Py nanostructures is 
investigated by means of Lorentz transmission electron microscopy (LTEM). The 
Fresnel mode of LTEM Is used to obtain micromagnetic information about the 
remanent state and the magnetization reversal of dots prepared from disks 
(diameter e g. 700 nm) with one flat edge. The Fresnel mode is a defocused 
technique where contrast is formed at sites where the variation of the 
magnetization direction is strongest, which means that domain walls would lead to 
bright and dark lines whereas vortices cause bright and dark spots at the position 
of the vortex core in the images. The special Lorentz lens in a Philips Tecnai F30 
electron microscope that is used equipped with a field emission gun, allows 
experiments in magnetic field-free conditions when the standard objective lens is 
switched off. To obsen/e magnetization processes in applied magnetic fields, the 
standard objective lens can be slightly excited, leading to a magnetic field Hpp, 
which is perpendicular to the plane of the sample. Magnetic fields H in the plane 
of the dots then can be achieved by tilting the sample in the vertical field Hpp. Due 
to the large aspect ratio diameter/height of the investigated nanostructure 
elements, the field has only little effect and leads to a slight decrease of the vortex 
annihilation or saturation field Hg, as confirmed by micromagnetic simulations. 

Figure 1 shows the introduction of a geometric asymmetry by "flattening" a circular 
disk so as to provide a flat or straight edge. 

Figure 2 shows underfocused Lorentz microscopy images of the asymmetric dots 
at remanence after the application of a magnetic field |H| = 200 Oe in -x (a) and in 
+x direction (b). The spots originate from a vortex configuration in the magnetic 
dots. The bright spot corresponds to clockwise, the dark spot to counterclockwise 
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sense of rotation, due to the defocusing and focusing effect of the magnetization 
pattern on the electron beam, respectively. 

Figure 2 shows the asymmetry in the shape of a circular dot by preparing disks 
(diameter d = 700nm) with one flat edge, thus breaking the in-plane isotropy of the 
circular dots. After saturation in fields H = ± 200 Oe parallel to the flat edge of the 
dots in -X (a) and +x direction (b), at remanence one finds bright (a) and dark 
spots (b) in the Fresnel images. Since the sense of magnetization rotation 
determines the contrast of the spot, the sense of rotation of all particles in Fig. 
2(a) and (b), respectively, is the same and depends on the direction of the 
foregoing saturation field. In the underfocused images a bright spot corresponds 
to clockwise (cw), a dark spot to counterclockwise (cow) sense of rotation. 

Fig. 3 shows magnetization reversal of asymmetric dots with the in-plane field H 
applied parallel, to the flat edge (x-direction). Inserted arrows indicate the direction 
of magnetization, (a) Saturation at = -192 Oe; (b) at Hev = -22 Oe a vortex with 
Its center near the flat edge becomes visible; (c) remanent state with the vortex 
core in the dot center; (d) the reversed field yields a shift of the core to the curved 
edge; (e) at H = +112 Oe the vortex is fixed to the edge; (f) the vortex abruptly 
disappears at H = 192 Oe. In the opposite direction (g-l), the same mechanisms 
proceed, but the sense of rotation is reversed from clockwise to counterclockwise, 
visible by the change from bright to dark contrast inside the elements (d.i). 

In Fig. 3 the evolution and annihilation of the vortices is shown coming from two 
oppositely oriented saturation directions: After the application of a sufficiently high 
magnetic field H = -192 Oe, all elements are saturated in -x direction (Fig. 3(a)), 
where no contrast can be observed inside the elements. Reducing H leads to the 
evolution of a vortex (cw) at Hgv = -22 Oe near the flat edge of the dot (b). The 
vortex core is then shifted towards the geometric center of the particle when the 
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field Is decreased further towards H = 0 Oe (c). Reversing the field direction and 
increasing the field value yields a continuing shift of the vortex core to the curved 
edge opposite to the flat edge of the particle (d.e) until the Bloch line ins finally 
pushed out of the dot In a sufficiently high field (f), the saturation field Hg = +192 
Oe. In this specification the saturated state is defined as a state where ail 
magnetic moments are aligned approximately parallel, allowing small angle 
deviations from the mean magnetization direction especially at.cun/ed particle 
edges. Decreasing the field value from Hg = +192 Oe (Fig. 3 (g)-(l)) shows that the 
basic processes are the same, especially the evolution of the vortex near the flat 
edge of the particle, with one significant difference: the sense of magnetization 
rotation is reversed from cw to ccw. 

To verify the dependence of the sense of rotation on the direction of Hg, the 
remanent magnetization of the elements during several magnetization reversal 
processes is investigated. The normalized number of observed particles times 
cycles results in a probability of 100% that the vortex of the single vortex element 
(SVE) has clockwise (counterclockwise) sense of rotation at remanence if the 
previously applied field |H| > |Hs| Is aligned In -x (+x) direction. Therefore, a SVE 
can be designed where the sense of magnetization rotation can be adjusted by 
saturating the dot in an applied in-plane field H larger than Hg and reducing the 
magnetic field below the vortex evolution field Hev 

Fig. 4 shows the comparison of two nanostructures with different saturation fields 
which Indicates the vortex core has to be annihilated in order to reverse the 
vorticity. At an applied field H = +176 Oe (a), the lower element is saturated (no 
contrast variation), whereas in the upper element the vortex core is still at the 
edge (arrow). In a field H = 0 Oe (b), the previously saturated lower dot has 
changed from cw to ccw sense, the upper dot is still cw oriented. At H = +192 Oe 
(c) both of the dots are saturated in +x direction leading to a cw sense of both dots 
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at remanence (d). 

In Fig. 4 the variation of Hg for the individual elements is used to show that the 
elements indeed have to be saturated or homogeneously magnetized to reverse 
the sense of rotation. In Fig. 4(a), at H = +176 Oe the upper element still shows 
the Bloch line at the element edge (arrow), whereas the lower element is already 
saturated in +x direction. Reducing the field to H = +192 Oe yields an upper cw 
and a lower reversed ccw SVE (Fig. 4(b)). In Fig. 4(c), a field H = +192 Oe is 
applied, which is sufficiently high to saturate both elements. Reducing again H to 
0 Oe shows that the sense of the previously already reversed lower particle does 
not change, but the upper element is now also reversed to ccw sense (Fig. 4 (d)). 

Fig. 5 shows a model for the evolution of the vortex, without restricting, the 
present invention to this particular model. Decreasing the magnetic field from a 
saturated state (a. |H| > |Hs|), the spins at the element edge align parallel to the 
edge at fields |Hevl < |H| < |-Hs| and are tilted at the two corners of the flat edge 

(b) , determining the sense of magnetization rotation below the evolution field JHevI 

(c) . In (d), the circular clockwise magnetization distribution, which causes the 
bright spot at the disk center in the underfocused Fresnel image, is drawn 
schematically. 

The sense of rotation of the SVEs is always oriented in a way that the 
magnetization at the flat edge is antiparallel to the previous saturated state. This 
can be roughly explained as follows: Reducing the field from saturation (Fig. 5(a)), 
the spins at the dot edges deviate from the mean magnetization direction and 
align more and more parallel to the dot edges to avoid magnetic charges. (Fig. 
5(b)). Since the curved edge is longer than the flat, straight edge, a preferred 
direction of the magnetization rotation is induced by the peripheral spins (Fig. 5(c)) 
and exchange coupling to the spins closer to the center leads to the formation of 
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the vortex with the given vorticity at the evolution field Hev In contrast to circular 
nanostructures. the sense of magnetization rotation of the presented SVEs can be 
controlled by the direction of the applied magnetic in-plane field. 

The magnetic elements and memory cells of the present invention can be used in 
an, M RAM and can be a component in the production process of an MRAM. 
Therefore, the structure and function of such an MRAM will now be briefly 
discussed. 

An MRAM is a non-volatile memory whose information is carried by a memory cell 
which is a combination of ferromagnetic and non-ferromagnetic micro- or 
nanostructures. As shown in Fig. 6. the memory cell essentially comprises a hard 
magnetic electrode Ml and a soft magnetic electrode M2 which are separated by 
a non-ferromagnetic Intermediate layer ZS which can be electrically conductive or 
isolating, e.g. a AI2O3 layer. The relative orientation of the magnetizations of the 
two electrodes Ml and M2 is decisive for the magnitude of the electric resistance 
of the memory cell, Rsz. 

The left-hand part of Fig. 6 shows a current-in-plane (CIP) geometry with current 
flow within the plane, whereas the right-hand side shows a current-perpendicular- 
to-plane (CPP) geometry with current flow perpendicular to the magnetic particles 
Ml and M2. 

If one considers the special case that the two electrodes are homogeneously 
magnetized, and only two directions are allowed for the magnetization vector, e.g. 
+x and -X in a Cartesian co-ordinate system, the electric resistance Rsz of the 
memory cell is low for a parallel orientation of magnetization of the two electrodes 
whereas for an anti-parallel orientation of the magnetization in M1 and M2 the 
electric resistance is high. The binary information consists of the electric 
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resistance Rsz of the memory cell, e.g. parallel orientation and small Rsz means 
"1" (see Fig. 7b), whereas anti-parallel orientation and consequently high electric 
resistance Rsz means "0" (see Fig. 7c). In the CPP memory cell the electrical 
current I flows vertically through the memory cell, i.e. along the z-axis. The high 
and low electric resistance of an MRAM corresponds to the loaded and unloaded 
capacitor of a DRAM. 

In the CIP arrangement, the intermediate layer ZS consists of a non-ferromagnetic 
metal, whereas in the CPP arrangement, the intermediate layer ZS may be a non- 
ferromagnetic, conducting material or an isolator. Presently, the CPP arrangement 
with a thin isolating layer, which acts as a tunnel barrier, is preferred for an 
MRAM. Memory cells with such a structure are known as magnetic tunnel 
contacts or magnetic tunnel junctions (MTJ). MTJs have the advantage that the 
total resistance of the memory cell is higher than when using a non-ferromagnetic 
intermediate layer ZS whose function is based on the giant magnetoresistance 
GMR. The magnetic elements of the present invention can, e.g., be used in 
CPP/GMR and CPP/MTJ memory cells. 

The memory cells of the present invention can be arranged at the cross points of 
at least two conductor lines, usually called wordline and bitline, wherein the 
memory cell forms an electric connection of these conductor linesi as shown in 
Fig. 8, optionally together with a transistor. The addressing of the individual 
memory cells (bits) is done via the wordline and bitline since the electric current 
can only flow through those memory cells which are at the cross points of the 
word- and bitline. The value of AR depends on the relative orientation of Ml and 
M2, as discussed above. 

The magnitude of the electric resistance which the electric current I undergoes 
when flowing through the memory cell, and which depends on the relative 



wo 03/(132336 



16 



PCT/EP(»2/11168 



orientation of the magnetizations in the two ferromagnetic electrodes M1 and M2, 
supplies the information concerning the magnetization state of the memory cell 
and thus the binary information. 

The writing and erasing of information can generally be done in two different 
ways: 

1. The superposition of magnetic fields which are produced by electric currents 
through the wordline and bitline results in a homogeneous magnetic field at 
those cross points at which the memory cell to be written is present. The 
resultant magnetic field is large enough and appropriately directed to switch 
the soft magnetic electrode of the memory cell, i.e. to produce a change in the 
relative orientation of the magnetizations in the two electrodes M1 and M2. 

2. p A current perpendicular to the memory cell, i.e. from the wordline to the bitline 

and vice versa, switches the soft magnetic electrode M2 either via spin 
Injection or via the magnetic field produced by the current. This kind of 
switching requires memory cells whose electric current Is small enough to 
allow the currents required to achieve the magnetic field for writing. CPP/GMR 
memory cells having a low electric current are therefore advantageous. 

Switching via the magnetic field requires a magnetization pattern of the soft 
electrode M2 which has approximately the symmetry of the magnetic field. Thus, 
magnetic electrodes of the invention can be used which are circularly magnetized, 
i.e. which comprise a vortex magnetization. 

The magnetic elements and memory cells of the present invention are 
geometrically formed such that in remanence after the application of a magnetic 
field, i.e. via the magnetic fields of the word- and bitline, they comprise a magnetic 
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vortex or vortex-like configuration with a controllable sense of magnetization. For 
writing, the current thus need not be lead through the memory cell. According to 
the Invention, control of the sense of magnetization is achieved via a slight 
modification of the geometry of a structure which is generally rotationally 
symmetrical around the z-axis. In the present invention, the direction of 
magnetization of the magnetic layers Ml and M2 is considered the same when 
the sense of magnetization rotation of the respective vortex in both magnetic 
layers Ml and M2, is either clockwise or counterclockwise, whereas the 
magnetization direction is considered anti-parallel if the sense of magnetization 
rotation is clockwise in one magnetic layer and counterclockwise in the other 
magnetic layer. 

The magnetization in the magnetic elements of the present invention is 
schematically shown in Fig. 9. Fig. 9 shows a top view of the hard magnetic 
electrode Ml and the soft magnetic electrode M2, respectively. With anti-parallelly 
oriented vortices in the electrodes M1 and M2, the electric resistance Rsz in the 
memory cell is high whereas Rsz is low with parallel orientation. A two- 
dimensional array consists of the periodic continuation of a linear array in both 
directions of the xy-plane. 

The writing or addressing of the magnetic elements of the invention is carried out 
via the resulting magnetic field Heffective, which is generated by superposition of the 
magnetic fields which are generated by the currents through the wordline (Hwordiine) 
and the bitline (Hbiiiine). As shown in Figs. 10a and 10b, the memory cell is 
provided at the cross points of the wordline and the bitline such that the resulting 
field Heffective Is correctly oriented with respect to the asymmetry of the magnetic 
elements. The writing of the information as such Is known in the art. A memory 
cell according to the present invention can be embedded into known systems. 
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Fig. 11 Shows a stack of layers comprising a plurality of magnet/non-magnet 
transitions which allow the generation of more than two values of the total electric 
resistance. In such a stack, more than one bit of information can be stored. The 
electric resistance of the stack depends on the relative orientation of the 
ma_gnetlzation directions of each pair of two adjacent magnetic layers. 

For the magnetic elements of the present invention, a multitude of magnetic 
materials can be used. It Is preferred that the materials in the asymmetric 
geometry of the present invention comprise a closed magnetic circuit or a ring 
circuit In remanence upon application of a magnetic switching field, for example in 
the form of a magnetic vortex, a Landau-Lifshiftz-domain configuration or similar 
magnetizing configurations. Such materials are, for example, iron, nickel, cobalt 
and their alloys. Thus. In the present invention, temperature-sensitive magnetic 
materials, like e.g. artificial or natural anti-ferromagnetic materials are not required 
in the hard magnetic electrode Ml. Thus, the magnetic element and memory cell 
of the present invention can be produced and used at high temperatures up to the 
melting temperature of the used materials. Temperatures of less than 300''C are, 
however, preferred in order not to affect the magnetic properties of the used 
materials by diffusion effects. Generally, all materials and material combinations 
can be used which are applicable in MRAMs. 



wo 03/032336 



19 



PCT/EP02/in6« 



Claims 

1. Magnetic element comprising a magnetization pattem having a magnetic flux 
closure in remanence, wherein the magnetic element is asymmetric and the 
sense of magnetization rotation is controllable by means of an applied 
magnetic field. 

2. Magnetic element according to claim 1 , wherein the magnetization pattem is 
a magnetic vortex-like configuration. 

3. Magnetic element according to claim 1 or 2. wherein the magnetic element 
comprises a generally circular, disk-like structure having a slight geometric 
asymmetry. 

4. Magnetic element according to claim 3, wherein the magnetic element is 
circular disk-shaped with a flat edge. 

5. Magnetic element according to claim 4, wherein the length of the flat edge is 
about 1/4 to 3/4, preferably about 1/2 to 2/3 of the disk diameter. 

6. Magnetic element according to claim 4 or 5, wherein the disks have a 
diameter of about 100-2000 nm, preferably 200-1000 nm, more preferably 
about 400-900 nm, most preferably about 600-800 nm. 

7. Magnetic element according to any of claims 4 to 6, wherein the thickness of 
the disk is about 1-20 nm, preferably about 5-9 nm. 

8. Magnetic element according to any of claims 1 to 7 which comprises at least 
one magnetic particle. 
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9. Magnetic element according to claim 1, wherein the magnetization pattern 
configuration is stable against magnetic fields that are smaller than the 
saturation field of the element. 

10. Magnetic element according to any of claims 1 to 9, wherein the magnetic 
element has substantially zero remanent magnetization. 

11. Magnetic element according to any of claims 1 to 10, wherein the 
magnetization pattern configuration is produced by magnetization in an in- 
plane magnetic field up to saturation. 



12. Magnetic element according to any of claims 1 to 11, wherein the magnetic 
element comprises Fe, Ni, Co, and/or alloys thereof. 

13. Method of producing the magnetic element of any of claims 1-12, wherein 
the magnetic elements are formed on electron transparent membranes by a 
combination of electron beam lithography and liftoff technique. 

14. Memory cell comprising at least one magnetic element according to any of 
claims 1-12. 

15. Memory cell according to claim 14 having two senses of magnetization 
rotation which define one bit of information. 



16. 



Memory cell according to claim 14 or 15, wherein the memory cell comprises 
a stack of at least two magnetic elements with different saturation fields to 
define a multi-bit data storage cell. 
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17. Memory cell according to any of claims 14 to 16 which is a non-volatile 
memory cell. 

18. Memory cell according to any of claims 14 to 1 7 which is a magnetic random 
access memory (MRAM) cell. 



19. 



Memory cell according to any of claims 14 to 18, wherein the memory cell is 
a giant magnetoresistance, spin valve or magnetic tunnel junction memory 
cell. 
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